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Fu-Hsiung Hsu, Fei-Jann Lin and Yao-Sung Lin (2001) Phylogeographic structure of the Formosan wood
mouse, Apodemus semotus Thomas. Zoological Studies 40(2): 91-102. Phylogeographic structure of the
Formosan wood mouse, Apodemus semotus Thomas (Muridae), was studied by the PCR-RFLP method. In
total, 271 individuals collected from 23 locations throughout its distribution range in Taiwan were examined.
Eleven restriction enzymes were used to assay restriction fragment length polymorphism in a 2800-bp PCR-
amplified fragment of mtDNA, representing part of the cytochrome b (CYTb) and the control region (DL). In total,
forty-four mtDNA haplotypes were detected. The sequence divergence between all pairs of haplotypes ranged
between 0.20% and 3.20%. Phylogenetic analysis revealed that the 4 primary mtDNA lineages have been
separated by sequence divergences of 0.86% to 1.78%. The geographic structure of mtDNA diversity and the
lineage distribution are complex, but each lineage reveals a limited geographic distribution from north to south in
the Central Mountain Range of Taiwan. According to the geographic distribution of 7 dominant haplotypes and
the locality-based UPGMA dendrogram, we resolved the northern and south-central geographical assemblages.
This phylogeographic pattern of the species might have resulted from a plausible historical scenario involving
isolation of its populations in several intermontane refugia, and their re-dispersion and introgression in postgla-

cial periods during the Pleistocene.
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Macrogeographic patterns characterized by
large phylogenetic separations of many species of
animals are usually explained by historical events
caused by glaciation in the Pleistocene (Riddle et al.
1993, Pillips 1994, Jaarola and Tegestrom 1995,
Osentoski and Lamb 1995, Walker et al. 1995,
Holder et al. 1999). Regional geographic localiza-
tions of closely related haplotypes are, on the other
hand, usually ascribed to limited contemporary gene
flow (Ball et al. 1988, Patton et al. 1994, Jaarola and
Tegestrom 1996). However, it is evident that current
ecology, demography, and historical patterns of
vicariance and dispersal may act in concert to pro-
duce a very complex population structure (Avise
1992 1994).

Taiwan is a mountainous island with 2/3 of its
area at elevations above 1000 m. The steep Central
Mountain Range largely runs along the longitudinal

axis of the island with the highest peak at nearly 4000
m above sea level (Chen 1993). A substantial eleva-
tional change thereby exists and creates a sharp
ecological gradient. Kano (1940) studied faunistic
affinity and indicated that the vertebrate fauna of
Taiwan consists of 2 major elements of different
geographical origins: the Oriental element confined
predominantly in the lowlands and the Palaearctic
element mostly in the highlands (Kuroda 1952).
There are 13 species of murine and microtine ro-
dents in Taiwan, of which 9 are mainly distributed
at elevations lower than 2000 m, and the other 4
species at elevations higher than 1500 m (Lin 1982,
Lin 1985, Yu 1992 1994). Therefore, the distribution
of these rodents in Taiwan may be divided into 2
regions: the high-elevation region and low-elevation
region. Lin (1985) proposed the elevations at 1500
to 2000 m as an interface zone between the above-
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mentioned 2 regions for mammals in Taiwan.

The high mountain range may hinder gene flow
among conspecific geographical populations in the
lowlands. Some phylogeographic studies have sug-
gested that there is a possible occurrence of in situ
divergence with a biogeographic event, and/or the
Central Mountain Range interrupts transversally di-
rected gene flow between eastern and western
populations of lowland species of animals, enhanc-
ing their genetic differentiation (Yang et al. 1994,
Chang and Liu 1997, Toda et al. 1997 1998, Yeh
1997). On the other hand, many drainages are
deeply etched into the mountainous terrain, physi-
cally isolating the ridges, which may interrupt gene
flow among conspecific geographical populations in
the highlands. However, up to now only a few con-
specific phylogeographic studies on the highland
species of animals in Taiwan (Hsu et al. 2000) have
been undertaken.

Hsu et al. (2000), using mtDNA markers, dem-
onstrated the phylogeographic pattern in the en-
demic Formosan white-bellied rat, Niviventer cul-
turatus (Thomas), which lives at elevations between
1500 and 3600 m. Unlike lowland species, N. cul-
turatus shows little phylogeographic patterning
among the haplotypes. It seems, counter-intuitively
that the topography of the Central Mountain Range
does not act as an effective barrier to prevent its
gene flow. Hsu et al. (2000) considered this an in-
dication that N. culturatus is a demographically
“young” species with a high level of gene flow. In
fact, above 1500 m, the Central Mountain Range dis-
plays contiguous suitable habitat without obvious
deep river valleys dividing it. Yu (1995) also indi-
cated that the potential isolating effect imposed by
deep river valleys is minimal for N. culturatus.
Therefore, population differentiation in highland
species would be minor, except for those species
with a low dispersal ability or with restricted distribu-
tions at higher elevations. However, Avise and Ball
(1990) and Neigel and Avise (1993) proposed that
mtDNA phylogeny resulting from historical scenarios
should be favored, if (1) concordant support is ob-
tained from other genetic traits, or (2) several un-
related taxa show congruent phylogeographic
patterns.

In this study, we used a PCR-RFLP assay to
examine the phylogeographic structure of mtDNA
haplotypes of the Formosan wood mouse, Apode-
mus semotus. This mouse is endemic to Taiwan,
and widely distributed in mountain areas at eleva-
tions of 1400-3700 m (Lin et al. 1987, Lin and
Shiraishi 1992b, Yu 1992 1993 1994). It is a habitat
generalist that commonly occurs in bamboo (Yusha-

nia niitakayamensis) grasslands, broadleaf and co-
niferous forests, and areas with subalpine shrubs. It
has been frequently captured sympatrically with N.
culturatus (Yu 1993). It prefers microhabitats with
woody structure and heavy twig cover (Lin and
Shiraishi 1992c). It is also a highly opportunistic
breeder which has a potential to breed year round
with a peak in both the spring and autumn (Huang
1986, Lin and Shiraishi 1992a, Yu 1993).

The objectives of this study were to determine
the phylogeographical pattern of genetic variation in
the Formosan wood mouse, to explain the effect of
Pleistocene glaciation on its genetic structure, and
to examine whether some deep drainages in the
Central Mountain Range constitute geographical
barriers to gene flow of this highland species.

MATERIALS AND METHODS

In total, 271 individuals of the Formosan wood
mouse were collected from 23 locations in the Cen-
tral Mountain Range of Taiwan at elevations above
1500 m (Fig. 1; Table 1). Small pieces of liver were
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Fig. 1. Map of Taiwan showing sampling locations for the
Formosan wood mouse. The shaded area indicates elevations
above 1500 m; the dotted lines are some major river valleys en-
coded as follows: A = Tachia River, B = Lanyang River, C =
Choushui River, D = Hualien River, E = Kaoping River, and F =
Hsiukuluan River. The numbers 1-23 are the location codes in
table 1.
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dissected out as the sources of mtDNA. These tis-
sue samples were frozen in liquid nitrogen in the field
and kept in a deep freezer at —70 °C in the laboratory,
or preserved in 95% ethyl alcohol and kept at am-
bient temperature. At the initial stage of this study,
mtDNA was isolated from 0.1 to 0.5 g of liver tissue
according to the protocol established by Hoelzel
(1992). Later on, an adequately purified mtDNA
sample was obtained using a mtDNA Extraction Kit
(Genelabs Life Science Corp., Natick, ME). The
precipitated and dried mtDNA was finally resus-
pended in a 30-50 ul of sterile distilled water and
stored at =70 °C for later use.

Symmetric amplification of the mtDNA fragment
by the primers CL1 (5-CGAAGCTTGATATGAAAA-
ACCATCGTTG-3") and PB (5-AGTGGGGTATCTA-
ATCCCAG-3') was similar to that used by Hsu et al.
(2000). A region of about 2800 bp of the mitochon-
drial genome which included the cyfochrome b
(CYTb) and the control region (DL) was amplified.
Thermal cycling was performed with a Perkin Elmer-
Cetus cycler (Foster City, CA). The sequence was

amplified through 38 cycles (94 °C, 40 s; 50-55 °C,
40 s; 72 °C, 4 min) with Super Taq polymerase (HT
Biotechnology, Cambridge, UK). All cycling began
with a ‘hot start’ at 94 °C for 1 min, and finished with
a final extension time of 10 min at 72 °C and a rapid
ramp to 4 °C until the tube was removed. A 3-pul
sample from each reaction was assayed by electro-
phoresis on a 1.2% agarose minigel with visualiza-
tion under UV light after ethidium bromide staining.

In the pilot study, twenty-one restriction en-
zymes were tested on 44 individuals. Among them,
eleven enzymes (Aci |, Alu |, Dde |, EcoR V, Hae llI,
Hinfl, Hpa ll, Mbo |, Rsa |, Sau96 |, and Ssp |) were
identified which cut all the products at least once.
Aliquots at 3-5 ul of PCR product were digested ac-
cording to the manufacturer’s instruction. Restriction
fragments were separated on 2%-3.5% agarose gels
(Nusieve agarose: agarose = 3:1) and 1 x TBE buffer
at 60 V. The restriction-fragment patterns were visu-
alized and photographed on a UV light box. Frag-
ment size was estimated by comparison to a 100-bp
DNA ladder (BRL).

Table 1. Geographic regions, sampling locations, sample sizes, and haplotype frequency of the Formosan

wood mouse collected from Taiwan

Region and location code Location (latitude; longitude) N Haplotype (n)
Northwestern

1 Mt. Lala (24.42N-121.25E) 6 HO8 (3), H14 (1), H24 (1), H43 (1)

2 Yuanyang Lake (24.34N-121.24E) 2 HO8 (2)

3 Kuanwu (24.30N-121.06E) 20 HO7 (1), HO8 (12), H12 (1), H25 (3), H27 (1), H43 (2)

4 Chika (24.23N-121.16E) 3 HO08 (2), H13 (1)

5 Mt. Anma (24.17N-121.01E) 21 HO08 (13), HO9 (1), H27 (2), H43 (5)

Northeastern

6 Mt. Taiping (24.30N-121.31E) 6 HO04 (1), HO8 (4), H43 (1)

7 Mt. Fushou (24.14N-121.14E) 18 HO7 (1), HO8 (11), H29 (2), H32 (4)

8 Bilushi (24.13N-121.13E) 13 HO04 (1), HO8 (6), H25 (3), H26 (2), H29 (1)

9 Kuanyuan (24.11N-121.20E) 11 HO04 (1), HO7 (1), HO8 (5), H29 (2), H37 (1), H41 (1)

10 Bilushenmu (24.11N-121.23E) 12 HO08 (11), H44 (1)

11 Mt. Hohuan (24.08N-121.17E) 12 HO7 (6), HO8 (4), H11 (1), H41 (1)

12 Juiyenshi (24.07N-121.11E) 8 HO7 (1), HO8 (5), H10 (1), H11 (1)

Central

13 Tunyuan (24.03N-121.12E) 6 HO3 (1), HO8 (1), H27 (1), H29 (1), H32 (2)

14 Haitientz (23.47N-121.10E) 3 HO08 (1), H29 (1), H32 (1)

15 Chunta (23.37N-120.56E) 7 HO8 (1), H15 (1), H16 (3), H19 (1), H32 (1)

16 Ruisui (23.33N-121.15E) 43 HO02 (2), HO4 (1), HO5 (1), HO6 (1), H15 (4), H16 (1),
H29 (7), H30 (2), H31 (1), H32 (18), H35 (1), H39 (1),
H41 (1), H44 (2)

17 Mt. Ali (23.30N-121.47E) 16 HO1 (1), HO5 (3), H15 (4), H16 (2), H18 (1), H32 (3),
H33 (1), H40 (1)

18 Nantzushienshi (23.27N-120.54E) 15 HO04 (1), H15 (5), H16 (2), H19 (1), H20 (1), H21 (1),
H32 (2), H38 (1), H42 (1)

Southern

19 Tienchih (23.16N-120.54E) 9 H15 (1), H16 (4), H28 (1), H32 (3)

20 Yakou (23.16N-120.57E) 7 HO1 (1), H28 (1), H32 (2), H36 (1), H42 (2

21 Hsiangyang (23.15N-120.59E) 14 H15 (1), H16 (2), H20 (3), H32 (6), H38 (2)

22 Hsiaokuei Lake (22.42N-120.52E) 7 H15 (3), H16 (1), H22 (1), H23 (1), H32 (1)

23 Mt. Peitawu (22.38N-120.43E) 12 H15 (3), H16 (2), H17 (2), H23 (1), H32 (1), H34 (2)
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Restriction patterns produced by a given en-
zyme were identified with the letters A, B, C,and D in
descending order according to the individual pat-
tern’s frequency. Each individual was then assigned
a multi-letter code for an observed composite
mtDNA haplotype based on the restriction patterns
across all enzymes. Each enzyme’s differences in
the restriction-fragment patterns were interpreted as
the presence or absence of differences in restriction
sites (Dowling et al. 1990, Riddle et al. 1993, Walpole
et al. 1997). Fragments of fewer than 100 bp usually
were not detectable, and some hypothetical frag-
ments were assumed in order to explain all the muta-
tional steps (Jaarola and Tegelstrom 1996). Site
data for each enzyme were summarized to construct
a binary site presence-absence matrix for haplo-
types and individuals, respectively. The site differ-
ences were analyzed with the computer package,
REAP v4.0 (McElroy et al. 1991), to generate a se-
quence divergence matrix for observed haplotypes
(Nei and Tajima 1981, Nei and Miller 1990) and to com-
pute the estimates of haplotype diversity (Nei 1987),
nucleotide diversity, and nucleotide divergence
among locations (Nei and Tajima 1981, Nei 1987).

Phylogenetic relationships among haplotypes
were inferred by either maximum parsimony or dis-
tance methods. Wagner parsimony analysis of the
restriction-site data was performed using the com-
puter program PAUP v3.1.1 (Swofford 1993) to treat
a site presence or absence as a discrete binary char-
acter state. Outgroup comparison is of limited use in
determining placement of the root for population-
level phylogeny reconstruction (Crandall and
Templeton 1993, Phillips 1994) and thus was not
attempted. The analysis was conducted using the
heuristic search procedure with tree bisection and
reconnection (TBR) swapping, random addition, and
by collapsing zero-length branches. We conducted
the analysis with 100 replicates and saved all mini-
mal trees. A single midpoint rooting consensus tree
was obtained by taking the 50% majority rule con-
sensus. The amount of phylogenetic information in
the data was measured by generating 10° random
trees with PAUP. Tables of critical g4-values of skew-
ness test statistics are given by Hillis and Huelsen-
beck (1992). The UPGMA phenogram (Sneath and
Sokal 1973) and neighbor-joining tree (Saitou and
Nei 1987) were constructed among haplotypes from
sequence divergence data using the MEGA com-
puter package (Kumar et al. 1993). A dendrogram
reflecting the relationship of localities was generated
using the UPGMA algorithm in the computer pro-
gram PHYLIP (Felsenstein 1993).

The geographic heterogeneity of haplotype fre-

quency distributions was assessed through a ran-
domized X2 analysis according to Roff and Bentzen
(1989). The analysis was conducted at 2 different
geographic scales; among all 23 locations, and then
separately for locations representing each of 4 dif-
ferent regions (northwestern, northeastern, central,
and southern) from north to south which are sepa-
rated by the major river valleys of the Tachia, Lan-
yang, Choushui, Hualien, Kaoping, and Hsiukuluan
Rivers (Fig. 1; Table 1). The significance level was
obtained by 10* Monte Carlo randomizations with the
computer package REAP v4.0 (McElroy et al. 1991).

RESULTS

Gel electrophoresis of the PCR products of
the CYTb-DL miDNA fragment revealed no size
variation among individuals. The numbers of vari-
ants identified for each enzyme ranged from 3 (Aci |,
EcoR YV, Hae lll, Sau96 1) to 9 (Mbo |, Rsa |). An ex-
ception was for Hap |l that failed to generate any cut
site variants among the individuals (Table 2). The 11
restriction enzymes generated 79 inferred restriction
sites, of which 41 varied among individuals, and 55
unique digestion profiles from which 44 haplotypes
were resolved among the 271 completely assayed
individuals (Table 2). Haplotypes differed by up to 14
restriction sites, and the pairwise sequence diver-
gences ranged from 0.20% to 3.20% with an
unweighted mean of 1.55%.

Most haplotypes were rare and highly localized.
For the 44 haplotypes identified, eighteen were
found in a single individual and 23 were observed at
a single location (Table 2). Only 10 haplotypes were
identified at more than 2 locations. Seven (HO7,
H08, H15, H16, H29, H32, and H43) of the 44 haplo-
types represented 72.7% of all individuals examined,
whereas the other 37 haplotypes were observed in
less than 6 individuals. Haplotype HO8 was the most
common being found in 81 individuals at 15 loca-
tions. Haplotype H32 was represented by 44 indi-
viduals at 12 locations. Haplotypes H15 and H16
were represented by 22 and 17 individuals, respec-
tively, at the same 8 locations (Tables 1, 2). Accord-
ing to the geographic distribution, we divided these
7 haplotypes into 2 groups, one largely confined to
the northern and central regions and the other the
southern and central regions. Four haplotypes (HO7,
HO08, H29, and H43) represented by 114 individuals
at 16 locations from Mt. Lala to Ruisui encompass
the northern to central regions. Three haplotypes
(H15, H16, and H32) were represented by 83 indi-
viduals at 12 locations from Tunyuan to Mt. Peitawu,
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stretching from the central to southern regions.
However, four individuals of the latter haplotype
groups came from Mt. Fushou in the northern region.
Geographic overlap of the 2 groups was only found
in a restricted area of central Taiwan.

Parsimony analysis using PAUP generated 16
equally parsimonious trees with branch lengths of

95

62 steps and a consistency index of 0.487, excluding
uninformative characters. A survey of the lengths
of 10° random trees yielded a g;-value of —0.42 (p <
0.01), indicating that the data set contains significant
phylogenetic information (Hillis and Huelsenbeck
1992). A single 50% majority-rule consensus tree
(Fig. 2) revealed 4 major genetic groups from the 44

Table 2. Forty-four mtDNA haplotypes identified from 271 individuals of the
Formosan wood mouse by PCR-RFLP analysis. Letters of the haplotype de-
scription refer to digestion profiles produced by the following endonucleases
(from left to right): Aci |, Alu |, Dde |, EcoR V, Hae lll, Hinf |, Hpa Il, Mbo I,

Rsal, Sau96 |, and Ssp |

Haplotype code Haplotype description N Location
HO1 A A A A A A A A D A A 2 17, 20
HO2 A A A A A A A A E A A 2 16
HO03 A A A A A B A A C A A 1 13
HO04 A A A A A B A C C A A 5 6, 8,9, 16, 18
HO05 A A A A A C A A A A A 4 16, 17
HO06 A A A A A DA A A A A 1 16
HO7 A B A A A A A B A A B 10 3,7,9, 11,12
HO08 A B A A B A A B A B B 81 1-15
HO9 A B A A B A A B A B C 1 5
H10 A B A A C A A B A C B 1 12
H11 A B A B B A A B A B B 2 11,12
H12 A B B A B A A B A B B 1 3
H13 A B C A B A A B A B B 1 4
H14 A B D A B A A B A B B 1 1
H15 A C A A A A A A B A A 22 15-19, 21-23
H16 A C A A A A A A B A B 17 15-19, 21-23
H17 A C A B A A A D B A A 2 23
H18 A C E A A A A A B A A 1 17
H19 A D A A A A A A B A A 2 15,18
H20 A D A A A B A C B A A 4 18, 21
H21 A D A A A B A C F A A 1 18
H22 A D A C A A A E B A A 1 22
H23 A D A C A A A F B A A 2 22,23
H24 A E A A B A A B A B B 1 1
H25 A F A A B A A B A B B 6 3,8
H26 A G A A B A A B A B B 2 8
H27 B A A A A A A A A A B 4 3,5,13
H28 B A A A A B A C C A B 2 19, 20
H29 B A A A A B A C C A A 14 7-9,13, 14, 16
H30 B A A A A B A C G A B 2 16
H31 B A A A A B A C H A A 1 16
H32 B A A A A C A A A A A 44 7,13-23
H33 B A A A A C A A | A A 1 17
H34 B A A A A C A G A A A 3 23
H35 B A A A A E A A A A D 1 16
H36 B A F A A C A A A A A 1 20
H37 B B A A B A A B A B B 1 9
H38 B C A A A A A A B A B 3 18, 21
H39 B H A A A C A H A A A 1 16
H40 C A A A A A A A D A A 1 17
H41 C A A A A B A CC A A 3 9,11, 16
H42 C A A A A B A I C A A 3 18, 20
H43 C A G A A A A A A A B 9 1,3,5,6
H44 C B A A B A A B A B B 3 10, 16

A, B, C and D indicate descending order of the restriction pattern frequency; location numbers

refer to code numbers in table 1.
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haplotypes. The nucleotide divergence estimates
between the 4 groups range from 0.86% to 1.78%
(Table 3). Group | consists of 13 haplotypes with 111
individuals occurring mainly in the northwestern and
northeastern regions. Group |l consists of 10 haplo-
types with 55 individuals occurring mainly in the cen-
tral and southern regions. Group Il consists of 6
haplotypes with 51 individuals occurring mainly in the
central and southern regions. Group IV consists of
8 haplotypes with 31 individuals occurring mainly in
the northeastern and central regions of Taiwan (Fig.
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Fig. 2. Majority-rule consensus tree, representing 16 equally
parsimonious trees of 62 steps, depicting the relationships
among the 44 PCR-RFLP haplotypes observed in the 271 indi-
viduals of the Formosan wood mouse. The numbers on the
branches indicate the value of 50% majority rule consensus in
which that note was supported; HO1 to H44 refer to haplotype
code numbers in table 2; numbers indicate the frequency of oc-
currence of each haplotype in each of the 4 regions as defined in
“Methods” (Nw = Northwestern, Ne = Northeastern, C = Central,
and S = Southern); Roman numbers indicate different phyloge-
netic assemblages; haplotypes belonging to each assemblage
and otherwise are indicated with different symbols.

2). The neighbor-joining tree (Fig. 3) and the
UPGMA tree (not shown) generated by the matrix of
sequence divergence values from restriction-site
data provide grouping patterns similar to that of the

Table 3. Estimates of mtDNA nucleotide diversity
(%) (above diagonal) and divergence (%) (below
diagonal) of all individuals between different mtDNA
genetic groups of the Formosan wood mouse

Genetic group | 1l ] \
| (0.15) 1.56 1.69 2.03
1l 1.30 (0.38) 1.69 1.96
1] 1.58 1.47 (0.07) 1.07
v 1.78 1.60 0.86 (0.35)

Numbers in parentheses along the diagonal indicate the nucleo-
tide diversity (%) within each genetic group.

—
0.1% sequence
divergence

—&H03

Aall

H21

H19

H22

H23

Fig. 3. Neighbor-joining tree illustrating phylogenetic relation-
ships among 44 mtDNA haplotypes examined for the Formosan
wood mouse. Haplotypes HO1 to H44 refer to haplotype code
numbers in table 2; Roman numbers indicate different phyloge-
netic assemblages inferred from the parsimony tree; haplotypes
belonging to each assemblage and otherwise are indicated with
different symbols.
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parsimony consensus tree.

Within-location haplotype diversity ranges be-
tween 0 and 1.00 (average = 0.715) and nucleotide
diversity between 0% and 1.54% (Table 4). The re-
sult of the Monte Carlo simulation suggests that a
significantly heterogeneous geographic distribution
of haplotypes exists across all locations (x? = 1434,
p < 0.0001). We also analyzed haplotype distribu-
tions separately for each of the previously identified
geographic regions, nested within the sample areas.
Haplotypes are distributed more homogeneously
among locations within the northwestern (p = 0.2511)
and central (p = 0.2047) regions. More geographic
heterogeneity occurs among locations in the south-
ern region (p = 0.0005) and a high level of heteroge-
neity occurs among locations in the northeastern
region (p < 0.0001).

Pairwise analysis of net nucleotide divergence
between locations ranges between -0.31% and
1.34%, with a mean of 0.439%. Divergence is low
between the northeastern and northwestern regions,

and between the central and southern regions, while
it is higher between the northern and central regions,
and between the northern and southern regions
(Table 5). The locality-based UPGMA dendrogram
(Fig. 4) also clusters locations 1-12 into the north-
eastern and northwestern regions, separating them
from locations 13-23 into the central and southern
regions. The frequency distribution of site differ-
ences between all pairs of individuals shows a bimo-
dal distribution (Fig. 5). It is not a smooth unimodal
distribution expected from a population which should
have undergone a recent exponential population
expansion.

DISCUSSION

The merit of animal mitochondrial DNA
(mtDNA) analysis is due to its high resolution for eco-
logical and evolutionary genetics (Avise et al. 1987,
Moritz et al. 1987, Harrison 1989). It is well docu-

Table 4. Hierarchical summary of mtDNA haplotype diversity, nucleotide divergence, and distribution among

locations of the Formosan wood mouse

Region and N Number of Haplotype Nucleotide X2 values x? distribution P

location code haplotypes diversity divergence (10° reps)

Northwestern
1 6 4 0.800 0.551 0
2 2 1 0.000 0.000
3 20 6 0.632 0.445 [] 45.06 36.60 0.2511 = 0.0043
4 3 2 0.667 0.135 (13.53-96.20)
5 21 4 0.576 0.623

Northeastern
6 6 3 0.600 0.866 [
7 18 4 0.595 0.914 [
8 13 5 0.756 0.684 H
9 1 6 0.800 1.079 [J 120.11 72.90 < 0.0001
10 12 2 0.167 0.034 [J (46.00-117.27)
11 12 4 0.682 0.505 [
12 8 4 0.643 0.258 &

Central
13 6 5 0.933 1.019 O
14 3 3 1.000 1.543
15 7 5 0.857 0.907 144.54 126.40 0.2047 + 0.0040
16 43 14 0.797 0.962 g (67.37-215.81)
17 16 8 0.892 0.802
18 15 9 0.886 1.010 H
Southern
19 9 4 0.750 1.084 0
20 7 5 0.905 0.947 0
21 14 5 0.780 1.109 [ 79.56 49.11 0.0005 + 0.0002
22 7 5 0.857 0.851 (29.64-86.95)
23 12 5 0.879 1.104
Total 0.715 0.758 1433.62 949.49 < 0.0001

(692.83-1312.75)

The location codes are designated numerically as in table 1.
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mented that assessing variations in mtDNA provides
an effective means to uncover patterns of biogeo-
graphic discontinuity which are not clear by allozyme
or morphological markers (Avise et al. 1979 1987,
Avise 1989, Lamb et al. 1989). In mammals, se-
quence differences appear to accumulate faster in
mtDNA than in many single-copy nuclear genes, al-
lowing the resolution of lineages that have diverged
from one another relatively recently (Wilson et al.
1985, Moritz et al. 1987, Hayes and Harrison 1992).

In this study, the mtDNA data obtained by the
PCR-RFLP assay demonstrated a complex but
structural geographic pattern in the Formosa wood
mouse. The estimated genetic distances in terms of
base substitutions per nucleotide site between
mtDNA haplotypes are 1.55% (unweighted). The
maximum-parsimony analysis reveals that there are
4 major genetic groups of the Formosan wood
mouse in the Central Mountain Range of Taiwan.
The neighbor-joining and UPGMA trees based on
genetic distance data closely match the topology of
the maximum-parsimony tree. The 4 genetic groups
reveal limited geographic distributions from north to
south in the Central Mountain Range of Taiwan. The
geographic distribution of genetic group | shows
spatial separation from genetic groups Il and lll. But
genetic groups Il and Ill have no associated geo-
graphic structure. Therefore, the species represents
an example of the phylogeographic categories | and
Il as defined by Avise et al. (1987). The most likely
explanation for phylogeographic category | that dis-
plays a geographic orientation involves a long-term,
extrinsic barrier to gene flow. An alternative possibi-
lity is extinction of intermediate genotypes in widely
distributed species with limited capabilities of dis-
persal and low gene flow. The plausible explanation
for phylogeographic category Il in which the diver-
gent haplotype lineages occurred is a secondary
admixture following the disintegration of a barrier to
dispersal among geographic areas. Based on the

Table 5. Estimates of mtDNA nucleotide diversity
(%) (above diagonal) and divergence (%) (below
diagonal) of all haplotypes between different geo-
graphic regions for the Formosan wood mouse

Geographic region Nw Ne C S
Northwestern - 0.614 1.502 1.610
Northeastern 0.016 - 1.475 1.597
Central 0.689 0.569 - 1.178
Southern 0.778 0.672 0.037 -

Key: Nw = Northwestern; Ne = Northeastern; C = Central; S =
Southern.

spatial distribution of the 7 dominant haplotypes
representing 72.7% of all individuals examined, we
separated them into 2 groups with a partial geo-
graphic overlap in the central region of the Central
Mountain Range of Taiwan. Moreover, the locality-
based UPGMA dendrogram (Fig. 4) also supports
the treatment of 2 sets of locality samples. The
nucleotide divergence is low between the north-
eastern and northwestern regions, and between the
central and southern regions. Within a phylogeogra-
phically structured species, a bimodal distribution
usually reflects within- versus between-lineage (or
region) comparisons (Avise et al. 1992, Harpending
et al. 1993). Therefore, a major geographic partition-
ing can be depicted, i.e., the northern region and the
south-central region, of phylogeography in the
Formosan wood mouse. Similar phylogeographic
patterns with genetic divergence were observed for
the Taipei treefrog, Rhacophorus taipeianus, and an
endemic minnow, Zacco pachycephalus in Taiwan
(Yang et al. 1994, Wang et al. 1999). However,
these 2 lowland species are restricted to western
Taiwan. The northern/south-central phylogeo-
graphic separation in the Formosan wood mouse
differs from the eastern/western partitioning of other
lowland species, such as Swinhoe’s tree lizard,

Geographic
Location region

(01) Nw

(08) Ne

(05) Nw

(03) Nw

(08) Ne

(11) Ne

(07) Ne

N (09) Ne

® L— (02) Nw

(10) Ne

L 12 Ne

— (04) Nw
] (13) C
(14) C
(20) S
(16) C
c-S (15) C
0O (22) S
(18) C
(17) C
— (23) S
0.1% sequence (19) S
divergence (21) S

Fig. 4. UPGMA tree representing the relationships of the mtDNA
nucleotide divergences among the locations sampled in this
study. N and C-S on the branches refer to the 2 major lineages;
numbers in parentheses denote the location code in table 1; geo-
graphic regions are denoted as follows: Nw = Northwestern, Ne =
Northeastern, C = Central, and S = Southern.
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Japalura swinhonis (Chang and Liu 1997), the Indian
rice frog, Rana limnocharis (Toda et al. 1997 1998),
and Moltrechti’s treefrog, Rhacophorus moltrechti
(Yeh 1997), and to limited phylogeographic variation
of N. culturatus in the highlands (Hsu et al. 2000).
However, the divergence with geographic distribu-
tion and genetic diversification of contemporary
populations have probably resulted from heteroge-
neity of mtDNA evolution rates among different
lineages, different historical vicariance or dispersal
events, distinct current ecology, or differences in
population structure prior to the vicariance and dis-
persal (Lamb et al. 1989, Avise 1992 1994, Hayes
and Harrison 1992, Riddle et al. 1993, Jaarola and
Tegelstrom 1995 1996, Osentoski and Lamb 1995,
Walker et al. 1995, Williams and Benzie 1997).

There is no obvious geographical boundary be-
tween the northern and south-central regions in the
Central Mountain Range of Taiwan. Yu (1995) con-
cluded the potential isolating effect imposed by deep
river valleys is minimal for the Formosan wood
mouse. Our results of Monte Carlo simulation can
not infer that major river valleys have prevented gene
flow between populations. What caused the diver-
gence between the northern and south-central
regions? Based on geological evidence, Taiwan had
been connected to and separated from the Asian
continent several times in past geological times (Lin
1963 1966). Since its initial isolation in the late
Pliocene, the island has been connected to and
separated from the continent more than one time
under the interactive effect of tectonic dynamics and
sea-level changes (Lin 1963). Each occurrence of
connecting and separating would have provided
terrestrial organisms in eastern mainland Asian the
opportunity to disperse into Taiwan through land-
bridges, and then subsequent divergence from their
continental siblings due to isolation by the Taiwan
Strait. We speculated as to whether the divergence
of the Formosan wood mouse into the northern and
south-central regions was attributable to temporal
“waves” of migration. But it is difficult to envision why
later-arriving colonists have been able to outcom-
pete the resident populations, except perhaps that
they dispersed from different directions (e.g., north-
ern and southern dispersal routes). However, this
scenario is hard to prove in explaining the phylogeo-
graphic divergence of the Formosan wood mouse
endemic to Taiwan.

As there are no conspecific populations on the
Asian continent, we have to depict the geographic
partitioning of the Formosan wood mouse in Taiwan
by historical events, including glacial survival in
several intermontane refugia where long-term popu-

lation separations have allowed the accumulation of
greater mtDNA sequence differences (Avise et al.
1984, Holder et al. 1999), and postglacial re-dis-
persal and introgression of the populations. It may
even provide an explanation for the occurrence of
some of the divergent haplotypes that do not cluster
with any of the 4 genetic groups. Although the esti-
mation of the divergent time from mtDNA data is
associated with errors (Hillis and Moritz 1990,
Templeton 1993), we used a moderate divergence
rate of 4% per 10° yr to represent the upper limit of
the ‘conventional’ mammalian mtDNA clock and a
lower limit for the recent rate estimates in the genus
Mus (She et al. 1990, Prager et al. 1993, Nachman
et al. 1994). The minimal and maximal times of the
separation of the 4 mtDNA groups in the Formosan
wood mouse are, respectively, about 215 000 and
445 000 yr ago. The average time to common an-
cestry within mtDNA assemblages can be estimated
by mu, where mTis the nucleotide diversity, and u is
the divergence rate (Nei and Li 1979, Avise et al.
1988). The mtDNA haplotype ancestral to the as-
semblages could date back 17 500 to 95000 yr.
However, Nei (1987) depicted the presence of poly-
morphism in the ancestral population, and the split-
ting of the populations characterized by the lineages
may postdate the lineage separation.

8000 r
7000
6000
5000 r

4000

Count

3000

2000

1000

01 23 4567 891011121314
No. of differences
Fig. 5. Frequency distribution of pairwise site differences among

individual mtDNA PCR-RFLP haplotypes of the Formosan wood
mouse.
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The palaeoclimatic records indicate that the
dominant Pleistocene glacial-interglacial climatic
cycle during the past 750 000 yr occurred at a fre-
quency of about 10° yr (Hays et al. 1976). We sup-
pose that a polymorphic and essentially panmictic
population of the ancestral stock of the Formosan
wood mouse invaded Taiwan before the 3rd glacial
period of the Pleistocene about 240 000-150 000 yr
ago (Lin 1963). The persistence of divergent lin-
eages in intermontane refugia following the last gla-
cial period started about 150 000 yr ago, with recent
admixtures following de-glaciation about 12 500 yr
ago (Lin 1963 1966). However, this is only one of the
possible scenarios for the Formosan wood mouse.
There is no fossil record showing when the Formosa
wood mouse dispersed from mainland Asia to
Taiwan. For a further understanding of the sequence
divergence rate of the Apodemus species, it is nec-
essary to carry out an extensive comparative survey
of DNA sequence variation and genetic structures in
Apodemus species distributed in China, Taiwan,
Korea, and Japan.

The northern/south-central arrangement of ge-
netic differentiation in the Formosan wood mouse
differs from the eastern/western partition of lowland
conspecific species (Chang and Liu 1997, Toda et
al. 1997 1998, Yeh 1997) and the limited phylogeo-
graphic variation in N. culturatus of the highlands
(Hsu et al. 2000). Nevertheless, the study of sys-
tematics of Taiwanese hynobiid species with limited
distributions above elevation 2000 m across the
Central Mountain Range shows similar geographic
partitions with 5 genetic groups (Lai 1996). The
highland and lowland species of Taiwan may be
subjected to different geographical barriers and his-
torical events. This study highlights the need for
extensive examination of phylogeographic differen-
tiation in other highland species of animals, therefore
stimulating further discussion on comparative pat-
terns of the current biodiversity in the highlands of
Taiwan.
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